DURABLE SPUTTERED METAL OXID E COATING 

gACKQEOUND 

The present invention relates generally to the art of 
sputtered films and more particularly to the art of durable metal 
oxide films produced by magnetron sputtering. 

Sputtered metal oxide films are well known in the art. Tin 
oxide, zinc oxide, titanium oxide and many other metal oxides are 
known to be deposited by sputtering the respective metals in an 
a oxidizing atmosphere such as air or a mixture of oxygen and inert gas 
^ such as argon. It is also known that a metal film can be deposited by 
?j sputtering a metal in an inert atmosphere such as argon, and the metal 
jjfilm subsequently oxidized thermally by heating in an oxidizing 
atmosphere such as air. 

Various metals can be deposited either as metallic films or 
"metal oxide films depending on whether the metal cathode target is 
•; sputtered in an inert atmosphere or an oxidizing atmosphere. 
Generally, sputtering in an inert atmosphere, i.e. in the metallic 
mode, is faster and more efficient. The resulting coating is a metal 
film having metallic properties, i.e. generally low transmittance , 
high reflectance and electrically conductive. Such films are 
generally not very hard or durable, and are easily damaged in 
handling. Dielectric metal oxide films are typically high 
transmittance, lower reflectance and electrically insulating. 
However, because they are insulating, they do not deposit as 
efficiently by sputtering. To produce very thick metal oxide films by 
sputtering is inefficient, costly and may not result in a durable 
film. To produce very thick metal oxide films by thermally oxidizing 
metal films efficiently sputtered in an inert atmosphere is inherently 
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rate- limited because oxygen may not readily penetrate beyond the 
initially formed surface layer of metal oxide. 



SUMMARY OF THE TNVKMTTOM 

The present invention involves a method of sputtering a 
metal target in an atmosphere sufficiently inert that sputtering is 
performed in the metallic mode and the film deposited is in an 
essentially metallic state. However, sufficient reactive gas is added 
to the atmosphere so that the metal film is amorphous rather than 
IJ crystalline. The amorphous sputtered metal film is harder and more 
durable than a metal film sputtered in an atmosphere consisting of 
'only inert gas. The amorphous sputtered metal film may be thermally 
oxidized more efficiently than a metal film deposited in an atmosphere 
C consisting of only inert gas, resulting in a crystalline metal oxide 
l^film which is substantially more chemically durable than an amorphous 

rij 

-metal oxide film deposited by sputtering metal in an oxidizing 

flf 

atmosphere . 



DESCRIPTION OF THE DRAWING 

Figure 1 illustrates the maximum percentage of oxygen in 
inert gas which allows sputtering of titanium in the metallic mode 
using an AIRCO ILS-1600 laboratory scale coater as a function of power 
level in kilowatts (kw) . 

Figure 2 illustrates the maximum percentage of oxygen in 
inert gas which allows sputtering of zirconium in the metallic mode 
using an AIRCO ILS-1600 laboratory scale coater as a function of power 
level in kw. 

Figure 3 illustrates the voltage as a function of percent 
oxygen in inert gas for the sputtering of titanium at power levels of 



1, 2, 3 and 4 kilowatts using an AIRCO ILS-1600 laboratory scale 
coater. The peak on each curve is the switching point where the 
amount of oxygen causes the sputtering mode to change from the metal 
mode to the oxide mode . 

DESCRIPTION OF PREFERRED E MBODIMENT 

Metals such as titanium, zirconium, tantalum, hafnium, 
niobium, vanadium and mixtures thereof, preferably titanium and 
| :::l: zirconium, may be deposited in a substantially amorphous metallic 
j state in accordance with the present invention by sputtering the metal 
m]in a nonreactive atmosphere substantially comprising inert gas, but 
J also comprising a small amount of reactive gas, such as oxygen and/or 
• nitrogen, preferably oxygen. The amount of oxygen is sufficient to 
-•effect the deposition of the metal in a substantially amorphous rather 
='than crystalline state, but insufficient to effect the transition of 
^sputtering from the metallic mode to the oxide mode. The appropriate 
amount of oxygen in the inert gas for purposes of the present 
invention is related to the cathode operating parameters, particularly 
the power, and the size of the target. 

Figures 1 and 2 illustrate the maximum oxygen concentration 
in argon at various levels of power for titanium and zirconium targets 
respectively operated in an AIRCO ILS-1600 laboratory scale coater. 
At higher oxygen concentrations, the sputtering mode will switch from 
metallic to oxide, resulting in the slow deposition of amorphous metal 
oxide. Therefore, the oxygen concentration is kept sufficiently low 
to avoid depositing metal oxide. However, it has been discovered that 
the higher the oxygen concentration, below the switching point, the 
harder the amorphous metal deposited in the metal sputtering mode. 
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Figure 3 illustrates the voltage as a function of oxygen 
concentration for titanium films deposited at power levels of from 1 
to 4 kilowatts in an AIRCO ILS-1600 laboratory scale coater. The 
voltage peak for each curve illustrates the switching point between 
metallic and oxide sputtering modes, and indicates the maximum oxygen 
concentration for the specified power level using this coating 
apparatus. It is preferred to operate near the peak, i.e. at a 
relatively higher concentration of oxygen, for maximum metal hardness, 
tbut without switching from the metallic sputtering mode to the oxide 
^sputtering mode. 

]| Tne amorphous metal film sputtered in an oxygen- containing 

Jbut substantially nonreactive atmosphere is only slightly higher in 
transmission than a metal film sputtered in pure argon; and the 
jisputtering rate is approximately the same. However, the amorphous 
Tnetal coating sputtered in an oxygen- containing but substantially 

ihonreactive atmosphere is significantly harder and less dense than a 

II 

crystalline metal film sputtered in pure argon. 

The relative hardness of such metal films is determined by 
abrasion of the film followed by visual examination and rating on the 
basis of film damage. A method of judging the hardness of metal films 
comprises repeated strokes of an abrasive pad (Scotch-Brite® 98 Light 
Duty Cleaning Pad from 3M) followed by visual examination on a light 
board and rating the film damage on a scale of 1 to 9, with i being 
insignificant damage and 9 being substantial removal of the metal 
film. 

The density of amorphous titanium metal film sputtered in an 
essentially nonreactive atmosphere comprising inert gas and 10 percent 
oxygen is 4.0 grams per cubic centimeter (g/cm 3 ), compared with a 
density of 4 . 5 g/cm 3 for a titanium metal film sputtered in pure 



argon. The lower density of the amorphous titanium metal film 
enhances its rate of oxidation, so that the amorphous titanium metal 
film may be thoroughly oxidized at lower temperatures and/or in 
shorter times than required for oxidation of crystalline titanium 
metal film. 

The hard, dense, amorphous metal coating of the present 
invention, preferably in a thickness range of about 100 to 1500 
Angstroms, more preferably about 200 to 1000 Angstroms for titanium, 
IU is sufficiently durable to withstand handling, shipping and 
-processing, such as heat strengthening, tempering and bending. It is 
^jj preferred to further process the amorphous metal film of the present 
£1 invention by thermally oxidizing the metal to metal oxide. The hard 
H amorphous metal film of the present invention may be thermally 
O oxidized to metal oxide by heating to produce a haze-free, dense 
N substantially crystalline metal oxide coating which is sufficiently 

r 

r chemically and physically durable to be coated on the exposed surface 
of a glass substrate. The amorphous metal film is preferably heated 
to a temperature of at least 400°C, preferably 500 to 700°C, in air in 
order to effect complete oxidation in a reasonable time, e.g. a few 
minutes. The method of the present invention of heating an amorphous 
sputtered metal film to produce a crystalline metal oxide film is a 
more efficient method to produce thick metal oxide films than 
reactively sputtering such films. Moreover, the crystalline thermally 
oxidized metal oxide films are more chemically durable than the 
substantially amorphous reactively sputtered metal oxide films. Such 
crystalline thermally oxidized metal oxide films may be produced over 
a wide range of thicknesses having a wide range of desirable reflected 
colors produced by interference effects. 



The density of the titanium oxide coatings is determined 
using the measured thickness of the coating and the weight percent 
titanium in fully oxidized titanium oxide. The thickness was measured 
using a Tencor P-l Long Scan Profiler; the weight percent titanium was 
measured using x-ray fluorescence. The density of the crystalline 
thermally oxidized titanium coating is greater than the density of 
amorphous reactively sputtered titanium dioxide coating; the 
crystalline thermally oxidized titanium oxide coating has a density of 

I 4 • 0 grams per cubic centimeter (g/cm 3 ) while the amorphous sputtered 
titanium oxide has a density of 3 . 4 g/cm 3 . The density of crystalline 
thermally oxidized titanium oxide coatings approaches the bulk density 
of 4.26 g/cm 3 for the rutile phase of Ti0 2 . 

The refractive index at 600 nanometers of an amorphous 
reactively sputtered titanium oxide film is 2.3, whereas the 

- refractive index at 600 nanometers of a crystalline titanium oxide 

f|S 

□ film thermally oxidized from an amorphous titanium metal film 

ftp 

sputtered in an essentially nonreactive atmosphere comprising argon 
and 10 percent oxygen is 2.5, which is nearly the refractive index of 
the rutile phase of bulk crystalline Ti0 2 . 

In a preferred embodiment of the present invention, coatings 
are produced on a large-scale magnetron sputtering device capable of 
coating glass up to 100 x 144 inches (2.54 x 3.66 meters). Using a 
commercial production scale coater, the acceptable amount of reactive 
gas may be considerably higher without switching from the metal mode 
compared with a small-scale coater, particularly if multiple cathodes 
are sputtered simultaneously within a chamber at higher power density. 

In the following examples, the coatings are deposited on a 
smaller scale, using planar magnetron cathodes having 5 x 17 inch 
(12.7 x 43.2 centimeters) targets. Base pressure is in the 10 -6 Torr 
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range. The coatings are made by first admitting the sputtering gas to 
a pressure of 4 microns and then setting the cathode power. in each 
example, glass substrates pass under the target on a conveyor roll at 
a speed of 120 inches (3.05 meters) per minute. The transmittance is 
monitored every other pass during the sputtering process at a 
wavelength of 550 nanometers using a Dyn-Optics 580D optical monitor. 
After the coating is deposited, the transmittance and reflectance from 
both the glass and coated surfaces are measured in the wavelength 

grange from 380 to 720 nanometers using Pacific Scientific Spectrogard 

1 Color System spectrophotometer. 

fl In a ra °st preferred embodiment of the present invention, the 

" amorphous metal film sputtered in an essentially nonreactive 
"atmosphere comprising sufficient reactive gas to effect the deposition 
:|of a harder, less dense, amorphous, rather than crystalline, metal 
jfilm, but insufficient to effect the transition of the sputtering 
[process from the metallic to the oxide mode, is overcoated with a thin 
layer of reactively sputtered amorphous metal oxide. This layer of 
reactively sputtered amorphous metal oxide increases the thermal 
stability of the amorphous metal film sputtered in an essentially 
nonreactive atmosphere comprising inert gas and sufficient reactive 
gas to effect the deposition of an amorphous metal film but 
insufficient to effect the transition of the sputtering mode from 
metallic to oxide, during thermal oxidation. The amorphous sputtered 
metal oxide layer preferably comprises the same metal as the 
underlying amorphous metal layer. The thickness of the amorphous 
metal oxide layer is preferably in the range of 40 to 120 Angstroms. 

The thickness of the underlying amorphous metal layer is 
preferably in the range of 200 to 1000 Angstroms prior to thermal 
oxidation, for production of a wide range of chromas in the metal 
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oxide films. The amount of reactive gas in the essentially 
nonreactive atmosphere may vary widely depending on the metal to be 
sputtered, size and geometry of targets, number and power level of 
cathodes, and so on. The upper limit in any case is below the point 
at which sputtering switches from the metallic to the oxide mode. For 
optimum hardness of the amorphous metal film, it is preferred to 
operate near this upper limit consistent with maintaining sputtering 
in the metal mode. A range of 2 to 30 percent oxygen, preferably 5 to 
25 percent may be preferred when sputtering titanium. 

The present invention will be further understood from the 
I descriptions of specific examples which follow. 

i " • 

i 

1 EXAMPLE 1 

A clear glass substrate six millimeters thick was coated 
iwith titanium as follows. A titanium cathode target was sputtered in 
pan atmosphere of argon containing 2.5 percent oxygen. The base 
pressure was 2 X 10" 6 Torr, operating pressure 4.0 microns. Power was 
set at 3.0 kilowatts <kw) , voltage was 381 volts (V), current was 7.8 
amps and line speed 120 inches (3.05 meters), per minute. After 1 
pass, the transmittance was 19.1 percent, after three passes 2.0 
percent, and zero after four passes. The resistance of the titanium 
film was 41.9 ohms per square. The coated surface was wiped with an 
abrasive pad (Scotch-Brite from 3M) , and the coated substrate placed 
on a light board for visual examination. It was rated 7 in 
transmittance and 5 in reflectance. 



EXAMPLE 2 

A glass substrate was coated as in Example 1 except that the 
atmosphere was argon with 5 percent oxygen, the voltage was 385V and 



the current 7.7 amps. The transmittance after one pass was 21.0 
percent, after three passes 2.6 percent, and less than one percent 
after four passes. The resistance of the titanium film was 48 ohms 
per square. The coated surface was rated 5 in transmittance and 4 in 
reflectance after abrasion. 

EXAMPLE 3 

A glass substrate was coated as in Examples 1 and 2 except 
| si that the atmosphere was argon with 10 percent oxygen, the voltage was 
cj 93V and the current 7.6 amps. The transmittance after one pass was 



,26.4 percent, after three passes 6.0 percent, and 2.0 percent after 



* square. The coated surface was rated 2 in both transmittance and 



except that the atmosphere contained 15 percent oxygen, the voltage 
was 432V and the current 6.9 amps. The transmittance after one pass 
was 57.0 percent, after three passes 21.0 percent, and 13.6 percent 
after four passes. The resistance of the titanium film was 330 ohms 
per square. The coated surface was rated 1 in both transmittance and 
reflectance after abrasion. The increasing transmittance and 
resistance indicate that the oxygen concentration is approaching the 
maximum for sputtering in the metal mode, although the film is still 
metallic, since the resistance is still very low in comparison with 
the resistance of titanium oxide, which is infinite, i.e. titanium 
oxide is an insulating material. 




The resistance of the titanium film was 8 2 ohms per 



-reflectance after abrasion. 

m 




A glass substrate was coated as in the previous examples 
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COMPARATIVE EXAMPLE A 

A glass substrate was coated as in the previous examples 
except that the atmosphere was pure argon, the voltage was 3 78V and 
the current 7.85 amps. The transmittance after one pass was 18.0 
percent, after three passes 1.8 percent, and zero after four passes. 
The resistance of the titanium film was 24 ohms per square. The 
coated surface was rated 9 in both transmittance and reflectance after 
abrasion. 

o 

O EXAMPLE 5 

A tinted glass (SOLEX® glass from PPG Industries, Inc.) 

ej 

substrate 4.0 millimeters thick was coated with titanium and titanium 
dioxide as follows. The first layer of coating is prepared by 
--'sputtering a planar titanium cathode in an atmosphere of argon 
^'containing 10 percent oxygen. The base pressure was 7.0 x 10" 6 Torr, 
Uope rating pressure 4.0 microns, power set at 3.4 kilowatts, voltage 
was 399 volts, current 8.42 amps and line speed 120 inches (3.05 
meters) per minute. After 4 passes, the transmittance was 1.4 
percent. The titanium layer thickness was 599 Angstroms. This layer 
deposition was followed by react ively sputtering titanium in a 5 0/50 
argon/oxygen gas mixture. Power was set at 5 . 0 kilowatts, voltage was 
470 volts, current 10.57 amps and the line speed 120 inches (3.05 
meters) per minute. After 6 passes, the final transmittance .was 2.0 
percent. The coating thickness for the reactively sputtered titanium 
oxide layer was 76 Angstroms. The two layer coating was then heated 
for 4 minutes to a temperature of 65 0°C, producing a single homogeneous 
layer of titanium oxide coating with thickness of 1062 Angstroms. The 
optical properties of the coated article were analyzed and are shown 
in the Table following the Examples. 
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EXAMPLE 6 

A clear glass substrate 6.0 millimeters thick was coated 
with titanium as follows. A coating was prepared by sputtering a 
planar titanium cathode in an atmosphere of argon containing 10 
percent oxygen. The base pressure was 5.9 x 10" 6 Torr, operating 
pressure 4.0 microns, power set at 3 . 4 kilowatts, voltage was 398 
volts, current 8.45 amps and line speed 120 inches (3.05 meters) per 
minute. After 6 passes the transmittance was zero. The coating 
ithickness was 893 Angstroms. The coating was then heated for 6.5 
| minutes to a temperature of 637°C producing an oxide coating with a 
! thickness of 1469 Angstroms. The optical properties are shown in the 
Table following the Examples. 

EXAMPLE 7 

A clear glass substrate 6.0 millimeters thick was coated 
with titanium as follows. A coating was prepared by sputtering a 
planar titanium cathode in an atmosphere of argon containing 10 
percent oxygen. The base pressure was 5.0 x 10 -6 Torr, operating 
pressure 4.0 microns, power set at 3.4 kilowatts, voltage was 3 98 
volts, current 8.45 amps and line speed 120 inches (3.05 meters) per 
minute. After 5 passes the transmittance was 0.5 percent. The 
coating thickness was 742 Angstroms. The coating was then heated for 
6.5 minutes to a temperature of 637°C, producing an oxide coating with 
a thickness of 1220 Angstroms. The optical properties are shown in 
the Table following the Examples. 
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EXAMPLE 8 

A clear glass substrate 6.0 millimeters thick was coated 
with titanium as follows. A coating was prepared by sputtering a 
planar titanium cathode in an atmosphere of argon containing 10 
percent oxygen. The base pressure was 3.9 x 10" 6 Torr, operating 
pressure 4.0 microns, power was set at 3.4 kilowatts, voltage was 398 
volts, current 8.45 amps and line speed 120 inches (3.05 meters) per 
minute . After 4 passes the transmittance was 1 . 6 percent . The 
coating thickness was 599 Angstroms. The coating was then heated for 
6.5 minutes to a temperature of 637°C, producing an oxide coating with 
a thickness of 986 Angstroms. The optical properties are shown in the 
iTable following the Examples. 

J EXAMPLE 9 

A clear glass substrate 6.0 millimeters thick was coated 
| with titanium as follows. A coating was prepared by sputtering a 
planar titanium cathode in an atmosphere of argon containing 10 
percent oxygen. The base pressure was 5.9 x 10" 6 Torr, operating 
pressure 4.0 microns, power was set at 3.4 kilowatts, voltage was 398 
volts, current 8.45 amps and line speed 120 inches (3.05 meters) per 
minute. After 3 passes the transmittance was 3.9 percent. The 
coating thickness was 447 Angstroms. The coating was then heated for 
6.5 minutes to a temperature of 637°C, producing an oxide coating with 
a thickness of 735 Angstroms. The optical properties are shown in the 
Table following the Examples . 

EXAMPLE 10 

A clear glass substrate 6.0 millimeters thick was coated 
with titanium as follows. A coating was prepared by sputtering a 



- 12 - 



planar titanium cathode in an atmosphere of argon containing 10 
percent oxygen. The base pressure was 5.2 x 10 -6 Torr, operating 
pressure 4.0 microns, power was set at 3.4 kilowatts, voltage was 398 
volts, current 8.45 amps and line speed 120 inches (3.05 meters) per 
minute. After 2 passes the transmittance was 8.9 percent. The 
coating thickness was 301 Angstroms. The coating was then heated for 
6.5 minutes to a temperature of 637°C, producing an oxide coating with 
thickness of 495 Angstroms. The optical properties are shown in the 
Table following the Examples. 

EXAMPLE U 

A tinted glass (SOLEX® glass from PPG Industries, Inc.) 
substrate 4.0 millimeters thick was coated with titanium as follows. 
|A coating was prepared by sputtering a planar titanium cathode in an 
atmosphere of argon containing 10 percent oxygen. The base pressure 
;was 7.0 x lO" 6 Torr, operating pressure 4.0 microns, power was set at 
3.4 kilowatts, voltage was 400 volts, current 8.4 amps and line speed 
120 inches (3.05 meters) per minute. After 4 passes the transmittance 
was 1.5 percent. The coating thickness was 599 Angstroms. The 
coating was then heated for 4 minutes to a temperature of 650°C, 
producing an oxide coating with thickness of 986 Angstroms. The 
optical properties are shown in the Table following the Examples. 
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The above examples are offered to illustrate the present 
^invention, other metals such as zirconium, tantalum, vanadium, 
^hafnium and niobium may be sputtered in an atmosphere which contains a 
reactive gas but which remains essentially nonreactiVe. Other 
reactive gases such as nitrogen may be used instead of or in addition 
to oxygen. The amount of reactive gas is kept sufficiently low so 
that the sputtering mode is essentially metallic, and the film 
deposited is essentially metallic. To optimize the hardness of the 
metal film, the amount of reactive gas in the inert gas is preferably 
as high as is consistent with maintaining an essentially nonreactive 
atmosphere, i.e. sputtering in the metallic mode. When the reactive 
gas is oxygen, the minimum amount is sufficient to effect deposition 
of amorphous metal, generally at least about 2 percent, and higher 
amounts, at least about 10 percent, are preferred in order to 
thermally oxidize at an efficient rate. Thermal oxidation of the 
metallic film may be performed throughout a range of temperatures 
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sufficient to oxidize the metal without deteriorating the integrity of 
the film. Typically, a temperature of at least 400°C is selected to 
thoroughly oxidize the metal film in a reasonable time, e.g. a few 
minutes. Film thicknesses may vary over a wide range to obtain 
desirable properties, particularly interference color effects in 
reflectance. The scope of the invention is defined by the following 
claims . 
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